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he prevalence of anxiety and trauma-related disorders (e.g. post-traumatic stress disorder (PTSD)) is much 
greater in women than in men1,2. Growing evidence points to sex diferences in learned fear inhibition and the 
neural circuitry underlying its regulation as key players in this increased disease prevalence in women3. One 
form of learned fear inhibition impaired in PTSD is fear extinction, which is the decrease in fear resulting from 
repeated or prolonged non-reinforced presentation of the conditioned cue or context. Medial prefrontal cortex 
(mPFC) is crucial for learned fear and its inhibition through extinction4, while PTSD is associated with mPFC 
dysfunction5,6. Recent studies have demonstrated sex diferences in fear extinction involving mPFC function7–9. 
Oscillatory activity is important for various prefrontal-dependent cognitive and memory processes, in part by 
mediating functional interactions between mPFC and other inter-connected areas involved in coordinating these 
processes10,11. his includes fear extinction, which involves theta and gamma oscillations in mPFC12,13. We have 
shown in rats that enhanced learned fear expression and reduced extinction recall in females, compared to males, 
are accompanied by sex diferences in these prefrontal oscillations14,15.
In contrast to fear extinction, little is known about the neural mechanisms underlying sex diferences in other 
types of learned fear inhibition. During fear discrimination, one conditioned stimulus (CS+) predicts threat by 
becoming associated with an aversive unconditioned stimulus (US; e.g. footshock), while another conditioned 
stimulus (CS−) signals safety by predicting the non-occurrence of the US16. Fear discrimination is thought to be 
a form of learned fear inhibition by the CS− and the overgeneralization of fear to innocuous cues, which is a fea-
ture of PTSD, has been conceptualized as a deicit in fear regulation involving impaired safety signalling17. Recent 
studies have shown sex diferences in cued and contextual fear discrimination18–25. We recently showed in rats 
that males display auditory fear discrimination ater extended discrimination training, whereas females exhibit 
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fear generalization involving reduced safety signalling26. However, the neural basis of sex diferences in cued fear 
discrimination remains unclear.
In this study we determined if sex diferences in auditory fear discrimination involve altered mPFC function. 
As with fear extinction, mPFC plays a key role in fear discrimination27–33. Moreover, theta and gamma oscillations 
in mPFC are also implicated in fear discrimination34,35. Ater extended auditory fear discrimination training, we 
recorded local ield potentials (LFPs) in mPFC during retrieval testing to determine if discrimination and gener-
alization in males and females, respectively, are characterized by sex diferences in mPFC function. he prelimbic 
(PL) and infralimbic (IL) subregions of mPFC play opposing roles in the expression and extinction of learned 
fear4 and we have previously shown sex diferences in theta (4–12 Hz) and low gamma (30–45 Hz) oscillations in 
these areas during learned fear expression and extinction14,15. As there is also evidence for distinct contributions 
of PL and IL to fear discrimination29,36, we recorded LFPs from both of these mPFC subregions at retrieval.

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Ǥ he auditory fear discrimination paradigm used is depicted in Fig. 1a and baseline freezing before cue 
presentations during retrieval is shown in Fig. 1b. Males (n = 19) showed more freezing than females (n = 13) 
but an unpaired t-test revealed that this diference was not signiicant (t30 = 1.65, P = 0.11). his suggests that 
there were no sex diferences in contextual fear before cue presentations at retrieval. Freezing in response to the 
CS+ and CS− at retrieval is shown in Fig. 1c. Two-way analysis of variance (ANOVA) revealed a signiicant sex 
x CS interaction (F (1, 30) = 6.8, P = 0.014). Post-hoc analysis indicated that freezing during CS+ presentation was 
signiicantly greater in males, compared to females (P < 0.05). Males also showed signiicantly increased freezing 
during the CS+, compared to the CS− (P < 0.0001), whereas females showed no diference in freezing between 
the CS+ and CS− (P > 0.05). hese results indicate that males show fear discrimination based on cue-induced 
freezing at retrieval ater three days of discrimination training. hey also suggest that females show reduced fear 
expression and/or discrimination, compared to males. Because there were qualitative diferences between males 
and females in baseline freezing before cue presentations at retrieval, we also examined freezing in response to the 
CS+ and CS− with baseline freezing subtracted23, which is shown in Fig. 1d. Two-way ANOVA revealed a signif-
icant sex x CS interaction (F (1, 30) = 6.8, P = 0.014). Post-hoc analysis indicated that males showed signiicantly 
increased freezing during the CS+, compared to the CS− (P < 0.0001), while females showed no diference in 
freezing between the two cues (P > 0.05). Importantly, males and females did not difer in freezing during CS+ 
presentation (P > 0.05), suggesting the lack of a sex diference in fear expression. We also calculated a diference 
score by subtracting freezing in response to the CS− from freezing in response to the CS+34, which is shown 
in Fig. 1e. An unpaired t-test revealed that the diference score was signiicantly greater in males, compared to 
females (t30 = 2.61, P = 0.014). Taken together, these results suggest that females show fear generalization ater 
three days of discrimination training.
            	 
Ǥ An example of electrode placements in PL and IL is shown in Fig. 2a and examples of LFPs recorded 
from PL and IL before cue presentations at retrieval and then high-pass iltered at 4 Hz are shown in Fig. 2b. Only 
rats with conirmed electrode placements in both PL and IL were included in the LFP data analysis, although some 
of this data needed to be omitted from the analysis because it contained electrical noise artefacts. he inal dataset 
included n = 8 males and n = 5 females (the behavioural data for these animals alone is shown in Fig. 3a,b). Basal 
theta (4–12 Hz) power in PL and IL before cue presentations at retrieval in males and females is shown in Fig. 3c. 
Males showed signiicantly greater basal theta power in PL (log10 (F11590, 7300) = 0.039; P < 0.0001) and IL (log10 
(F11590, 7300) = 0.033; P = 0.00015), compared to females. Basal gamma (30–45 Hz) power in PL and IL before cue 
presentations at retrieval in males and females is shown in Fig. 3d. Females showed signiicantly increased basal 
gamma power in PL (log10 (F25498, 16060) = −0.065; P < 0.0001), but not IL (log10 (F25498, 16060) = −0.0091; P = 0.07), 
compared to males. hese results indicate sex diferences in basal theta and gamma activity in mPFC before cue 
presentation at retrieval.
ǡǡ	
CS−Ǥ heta power in PL and IL in response to the CS+ and CS− during retrieval in males and females is 
shown in Fig. 4. We first examined qualitative differences in theta power throughout the frequency band 
(4–12 Hz) and duration of the cues (30 sec each) via visual inspection of the wavelet periodograms (Fig. 4a). No 
obvious diferences in theta power were observed during CS+ vs CS− presentation in either area in males or 
females. We then examined quantitative diferences in theta power averaged over the frequency band and cue 
duration using multi-taper analysis (Fig. 4b). heta power during cue presentations was normalized to basal theta 
power given our inding of sex diferences in basal theta power in mPFC. In males we found a signiicant increase 
in theta power in response to the CS−, compared to the CS+, in PL (log10 (F13680, 12600) = −0.015; P = 0.023) and 
IL (log10 (F13680, 12600) = −0.016; P = 0.018). However, in females we found no such diference in theta power 
between CS+ and CS− presentation in PL (log10 (F8280, 8640) = −0.007; P = 0.22) or IL (log10 (F828, 864) = 0.002; 
P = 0.39). hese results suggest that males show theta activation in mPFC during safety signalling by the CS−, 
which is absent in females.
ǡ   ǡ         Ǧ
CS+Ǥ Gamma power in PL and IL during CS+ and CS− presentation at retrieval in males and females 
is shown in Fig. 5. Again, we initially examined qualitative diferences in gamma power throughout the fre-
quency band (30–45 Hz) and duration of the cues (30 sec each) by visually inspecting the wavelet periodograms 
(Fig. 5a). As was the case for theta power, we observed no obvious diferences in gamma power during CS+ vs 
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CS− presentation in PL or IL in either sex. We next used multi-taper analysis to examine quantitative diferences 
in gamma power averaged over the frequency band and cue duration (Fig. 5b). Gamma power during cue pres-
entations was normalized to basal gamma power given our inding of sex diferences in basal gamma power in 
mPFC. We found that males showed a signiicant increase in gamma power in response to the CS+, compared 
to the CS−, in IL (log10 (F30096, 27720) = 0.013; P = 0.0053) but not in PL (log10 (F30096, 27720) = 0.007; P = 0.056). 
However, we found no diference in gamma power between CS+ and CS− presentation in PL (log10 (F18126, 19008) 
= 0.0034; P = 0.30) or IL (log10 (F18216, 19008) = −0.0008; P = 0.45) in females. hese results suggest that males 
show IL gamma activation in response to the threat-related CS+, which, again, is absent in females.
Figure 1. Ater extended auditory fear discrimination training, males show fear discrimination and females 
show fear generalization at retrieval. (a) Schematic representation of the fear discrimination paradigm used. (b) 
Baseline freezing before cue presentations at retrieval. here was no diference in freezing between males and 
females. (c) Freezing during the CS+ and CS− at retrieval. Freezing was increased during the CS+ in males, 
compared to females (*P < 0.05). Freezing was also increased during the CS+, compared to the CS−, in males 
(****P < 0.0001) but not in females. (d) Freezing during the CS+ and CS− at retrieval, with baseline freezing 
subtracted. Freezing was increased during the CS+, compared to the CS−, in males (****P < 0.0001) but not 
in females. (e) Diference score indicating the diference in freezing between the CS+ and CS−. Males showed a 
greater diference score, compared to females (*P < 0.05).
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In this study we sought to determine if sex diferences in auditory fear discrimination involve altered mPFC func-
tion. Ater three days of discrimination training we found that males show fear discrimination and females show 
fear generalization at retrieval, which were associated with sex diferences in mPFC oscillations. While males 
showed much greater basal theta power in PL and IL, females showed much greater basal gamma power in PL, but 
not IL, before cue presentations at retrieval. In response to cue presentations at retrieval, males showed increased 
theta power in PL and IL during the CS−, compared to the CS+, while IL gamma power was increased during the 
CS+, compared to the CS−. Notably, females showed no such diferences in mPFC activity between the CS+ and 
CS−. Taken together, these results suggest that sex diferences in fear discrimination ater extended training may 
involve altered basal oscillatory activity in mPFC. hey also raise the possibility that fear discrimination in males 
involves mPFC theta activation during safety signalling by the CS− to suppress learned fear expression and IL 
gamma activation in response to threat when discriminating between the CS+ and CS−. In contrast, fear gener-
alization in females may result from reduced safety signalling by the CS− due to a lack of mPFC theta activation 
and reduced discrimination between the CS+ and CS− due to a lack of IL gamma activation.
Our inding that males and females discriminated and generalized, respectively, at retrieval ater three days 
of discrimination training replicates our previous results26 and broadly agrees with other evidence of sex difer-
ences in fear discrimination. Previous studies have shown in males that more training results in improved fear 
discrimination16,37,38. Recent studies have also shown reduced fear discrimination (i.e. more fear generalization) 
in females, compared to males18–22,24,25. In the present study it is worth noting that, compared to males, the lack 
of diference in freezing during CS+ vs CS− presentation in females was driven largely by a relative decrease in 
freezing to the CS+ and not an increase in freezing to the CS−. hus one could argue that our results may simply 
relect reduced fear expression rather than fear generalization in females. However, when baseline freezing before 
cue presentations was accounted for in freezing levels during CS+ and CS− presentation then a sex diference 
in fear expression was no longer observed. We also previously found evidence of reduced safety signalling by the 
CS− in females26. his was demonstrated in a retardation test17, where the CS− was used as the cue in later fear 
conditioning, and males, but not females, showed reduced (or retarded) learning of the cue-shock association. 
Although not examined here, this lack of safety signalling in females suggests that the present results are better 
explained by fear generalization than by reduced fear expression. It is also possible that females instead displayed 
lower freezing levels because they were more active generally or expressed more active fear responding than 
males. We found previously that females display increased locomotor activity, compared to males26. Females have 
also been reported to display more active darting behaviour as a learned fear response than males25,39,40, although 
other studies have found little evidence of darting in females23,41. We are characterizing darting during fear dis-
crimination and its retrieval in our ongoing research to address this important issue.
In contrast to our results, other studies have found no sex diferences in fear discrimination42–45. Another 
study found enhanced cued fear discrimination in females, compared to males, with one training session but 
no sex diferences in fear discrimination or safety signalling with repeated training sessions23. he latter was 
assessed using a summation test, where presentation of the CS+ and CS− together reduces fear, compared to 
CS+ presentation alone, if the CS− signals safety17. It is unclear why their results difered from ours but this was 
likely due to methodological diferences between the studies. hat study used auditory or visual cues for the CS+ 
and CS−, whereas we used two auditory cues. herefore these discrepant indings could be due, at least in part, to 
diferences in discriminating between cues from the same or diferent sensory modalities. It is also possible that 
the discrepancies in safety signalling as inferred from retardation and summation testing involve diferences in 
the psychological and/or neural mechanisms underpinning these two processes46.
Our inding of fear discrimination in males accompanied by diferences in oscillatory activity in mPFC dur-
ing CS+ vs CS− presentation at retrieval adds to growing evidence of the involvement of this region in fear 
discrimination27–36. Although we found quantitative diferences in theta and gamma power between CS+ and 
CS− presentation when activity was averaged over the entire frequency band and cue duration (see below), 
no qualitative diferences were apparent when activity was examined throughout each frequency band or cue 
Figure 2. Histological veriication of electrode placements in and sample LFP traces recorded from PL 
and IL at retrieval. (a) Representative example of electrode placements as indicated by lesions in PL and IL 
(superimposed schematic is adapted from58). (b) Examples of LFP traces recorded from PL (top) and IL 
(bottom) before cue presentations during retrieval (ater high-pass iltering at 4 Hz).
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duration. his lack of qualitative diferences in LFP power between the CS+ and CS− was most likely due to each 
animal expressing freezing at diferent times during the repeated cue presentations. Previous studies examining 
the individual roles of PL and IL in fear discrimination have found mixed results. While there is evidence indi-
cating that both of these mPFC subregions are involved32, other studies have demonstrated distinct contributions 
of PL and IL to fear discrimination29,36, which is mirrored in the present study. We found IL gamma activation in 
response to the CS+ during retrieval, in keeping with other evidence indicating that this area is involved in fear 
discrimination29,36. Gamma oscillations mediate the functional connectivity between mPFC and primary audi-
tory cortex that underpins successful auditory fear discrimination35, highlighting their importance for mediating 
communication within the neural circuitry underlying fear discrimination. Interestingly, we found that fear gen-
eralization in females was associated with a lack of gamma activation in IL at retrieval. We have shown previously 
that extinction retrieval in males was accompanied by IL gamma activation, whereas females showed reduced 
extinction retrieval associated with a lack of gamma activation in IL15. In the present study we also found much 
greater basal gamma activity selectively in PL in females, compared to males, before cue presentations at retrieval. 
Evidence indicates that functional coupling between PL and IL plays a role in diferent fear memory processes, 
therefore it is possible that this enhanced basal gamma activity in PL also contributes to fear generalization in 
females by modulating cue-induced gamma activation in IL4. Taken together, these indings suggest that mPFC 
gamma oscillations are involved in sex diferences in learned fear inhibition more generally.
In contrast to gamma oscillations, we found that males showed theta activation in both PL and IL in response 
to the CS− during fear discrimination retrieval. At irst glance these results seem to contradict our earlier indings 
showing theta activation in PL, but not IL, during learned fear expression14. However, in that study a single CS 
was used, suggesting that theta oscillations might play diferent roles in fear expression and discrimination. PL 
theta activation might be suicient for learned fear expression but more complex tasks like fear discrimination 
may require theta activity in both PL and IL4,32. Another possibility is that volume conduction of theta oscillations 
occurred between PL and IL. Evidence indicates that prefrontal theta relects local activity and not activity that 
is volume conducted from other distant areas47. Moreover, we showed previously that learned fear expression 
is associated with PL, but not IL, theta activation14. Nevertheless, volume conduction of theta oscillations may 
have occurred between these adjacent mPFC subregions. A previous study showed mPFC theta activation during 
CS+ presentation at retrieval with successful auditory fear discrimination34, which, again, would appear to be at 
odds with our results. However, methodological diferences between the studies may account for this apparent 
discrepancy. While that study used repeated presentations of brief ‘pips’ as the CS+ and CS−, continuous tones 
were used for these cues in our study. It is possible that theta oscillations in mPFC subserve diferent functions 
Figure 3. (a,b) Freezing at retrieval in the males and females from which LFP data in mPFC was obtained and 
analyzed. (a) Baseline freezing before cue presentations during retrieval. (b) Freezing during the CS+ and CS− 
at retrieval. (c,d) Basal LFP activity in PL and IL before cue presentations at retrieval in males and females. (c) 
Males showed signiicantly greater basal theta power in PL (****P < 0.0001) and IL (***P < 0.001), compared 
to females. (d) Females showed signiicantly greater basal gamma power in PL (****P < 0.0001), but not in IL, 
compared to males.
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under these two conditions. Cue meaning might be signalled by theta activation elicited by repeated brief pips, 
whereas theta activity might better represent the resulting behavioural response to presentation of continuous 
cues48. herefore mPFC theta activation during CS− presentation in the present study may signal safety and sup-
press inappropriate fear expression by coordinating communication between locally recruited neural ensembles32 
and downstream areas of the neural circuitry underlying fear discrimination. Recent evidence demonstrating the 
entrainment of basolateral amygdala iring by mPFC theta oscillations during CS− presentation with successful 
fear discrimination lends support to this idea34. Importantly, we found a lack of mPFC theta activation during 
CS− presentation in females, suggesting that fear generalization involved reduced safety signalling and a corre-
sponding lack of suppression of fear responding to the CS−. It is worth noting that we also found much lower 
basal theta activity in PL and IL in females, compared to males, before cue presentations at retrieval. herefore 
this sex diference in basal theta activity in mPFC may also contribute to fear generalization and reduced safety 
signalling in females.

his study conirms our previous indings showing that extended auditory fear discrimination training results in fear 
discrimination in males and fear generalization in females, based on cue-induced freezing at retrieval. It also builds 
on our previous results by showing that these sex diferences in fear discrimination involve altered basal mPFC 
oscillations at retrieval. Males, but not females, also showed mPFC theta activation during CS− presentation and 
IL gamma activation during CS+ presentation at retrieval. To our knowledge this study is the irst to characterize 
the neural circuitry involved in sex diferences in fear discrimination by examining in vivo activity during retrieval 
testing. his study adds to growing evidence indicating a role for mPFC in mediating sex diferences in learned fear 
inhibition more widely. From an evolutionary perspective, fear generalization might be adaptive under certain cir-
cumstances by promoting defensive behavior in response to a wider range of cues that are potentially predictive of 
threat. However, expressing fear inappropriately in response to harmless stimuli is maladaptive and may enhance the 
vulnerability to develop anxiety-related disorders such as PTSD16,17. hese disorders are characterized by impaired 
inhibition of learned fear, are associated with mPFC dysfunction, and are more prevalent in women than in men, 
therefore these results may also have important translational relevance. Future studies examining the potential neu-
ronal33, neural circuit31,34,35,49–51, and gonadal hormone52 mechanisms underlying sex diferences in fear discrimina-
tion, both over the course of extended training and during later retrieval testing, may lead to a better understanding 
of why women are so much more vulnerable to developing anxiety-related disorders than men.
Figure 4. heta power in PL and IL during CS+ and CS− presentation during retrieval in males and females. 
(A) Wavelet periodograms showing theta (4–12 Hz) power, which is represented by diferent colors in the 
adjacent scale bars (dark blue: low power, red: high power), over time during the CS+ and CS−. No obvious 
qualitative diferences in theta power were apparent between the CS+ and CS− in PL (top) or IL (bottom) in 
males (let) or females (right). (B) In males, theta power averaged over the frequency range and cue duration 
was signiicantly increased in response to the CS−, compared to the CS+, in PL and IL (*P < 0.05), whereas 
there were no diferences in theta power between the two cues in females.
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
Ǥ Young adult male and age-matched naturally cycling female Lister hooded rats (Charles River, UK) 
were used in this study. Rats weighed 200–325 g at the time of surgery and were housed 2–4/cage by sex in 
individually ventilated cages on a 12 hr light/dark cycle (lights on at 8:00), with free access to food and water. 
All experimental procedures were conducted with ethical approval from the University of Nottingham’s Animal 
Welfare and Ethical Review Body and in accordance with the Animals (Scientiic Procedures) Act 1986, UK (PPL 
30/3230).
Ǥ Rats were administered pre-operative analgesic (buprenorphine) and isolurane was used for anes-
thesia to ensure complete inhibition of the hindpaw withdrawal relex during surgery. Body temperature was 
maintained ~37 °C using a homeothermic heating blanket (Harvard Apparatus Ltd, UK). Rats were placed in 
a stereotaxic frame (World Precision Instruments, UK) and the incisor bar was adjusted to keep the skull hori-
zontal. An incision was made in the scalp and 4–8 jewellers screws were inserted into the skull. A small hole was 
drilled over the right mPFC and an eight-wire multi-electrode array (50 µm diameter Telon-coated stainless-steel 
wires, with four wires 1 mm longer than the other four; NB Labs, US) was lowered into PL and IL (2.5 mm ante-
rior and 0.5 mm lateral to bregma, 3.1 mm (PL) and 4.1 mm (IL) ventral to the brain surface). he electrode array 
was secured to the screws using dental cement. Sterile saline and analgesic (meloxicam) were administered at the 
end of surgery. Rats also received post-operative analgesic (buprenorphine and meloxicam) for two days ater 
surgery and were allowed to recover 10–14 days before undergoing behavioural testing.
Ǥ he apparatus (Med Associates, USA) used has been described 
in detail elsewhere53 and the auditory fear discrimination paradigm used was adapted from our previous study26. 
On Day 1, rats were habituated to two contexts (A and B) in which they received two presentations each of 2 and 
9 kHz tones (30 s, 80 dB, 2 min inter-trial interval (ITI). Contexts A and B consisted of distinct visual (black and 
white stripes or spots on two walls), olfactory (40% ethanol or 40% methanol), and tactile (metal loor bars or 
white Perspex loor) cues. On Days 2–4 rats underwent once-daily sessions of discrimination training in context 
A, which consisted of ive pairings of one tone (CS+; 30 s, 80 dB, 2 min ITI) with footshock (0.5 s, 0.5 mA, ending 
at tone ofset) and ive presentations of the other tone alone (CS−; 30 s, 80 dB, 2 min ITI)), with each CS+/US 
pairing being followed by a CS− presentation. he tones used for the CS+ and CS− (2 and 9 kHz tones as above) 
were counterbalanced between rats. On Day 5 rats received ive presentations each of the CS+ and CS− alone 
in context B to assess discrimination retrieval (Fig. 1A). Each cue was followed by presentation of the other cue 
Figure 5. Gamma power in PL and IL during CS+ and CS− presentation at retrieval in males and females. 
(A) Wavelet periodograms showing gamma (30–45 Hz) power, which is represented by diferent colors in the 
adjacent scale bars (dark blue: low power, red: high power), over time during the CS+ and CS−. No obvious 
qualitative diferences in gamma power were observed between the CS+ and CS− in PL (top) or IL (bottom) 
in males (let) or females (right). In males, gamma power averaged over the frequency range and cue duration 
was signiicantly increased in response to the CS+, compared to the CS−, in IL (**P < 0.01) but not in PL. In 
contrast, females showed no diferences in gamma power between the two cues.
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and the order in which the CS+ and CS− were irst presented was counterbalanced between rats. Behaviour was 
recorded using a digital camera for later data analysis. Tone and footshock presentations were controlled automat-
ically by a PC running MED-PC IV sotware (Med Associates, USA).
ƤǤ LFPs were recorded during retrieval by connecting the electrode array 
via a headstage, cable, commutator, and preampliier to a Plexon Recorder system (Plexon Inc, US). LFPs were 
band-pass iltered at 0.7–170 Hz and digitized at 1.25 kHz. A cable connecting the Med Associates and Plexon 
Recorder systems was used to record events triggered by the MED-PC IV sotware to indicate the start of the 
retrieval session and the onset of each CS+ and CS− in the LFP data recording ile.
ƤǤ Ater completion of the experiments the rats were 
deeply anesthetized with sodium pentobarbital. Current was passed through random pairs of the electrode wires 
in PL and IL using an electrical stimulator (Grass Technologies, US) to deposit ferric ions at the electrode tip sites. 
Rats were transcardially perfused with 0.9% saline followed by a solution of 4% paraformaldehyde / 4% potassium 
ferrocyanide to mark the recording sites via the Prussian blue reaction. Brains were removed and stored in this 
solution until sliced into sections (80–200 µm) using a vibratome or microtome. Slices were stained for acetylcho-
linesterase to aid visualization of the electrode tip placements (Fig. 2a).
Ǥ Contextual fear before discrimination retrieval testing was inferred by meas-
uring baseline freezing in the 2 min period before tones were presented at retrieval and was scored manually as 
described previously26. Sex diferences in contextual fear were analyzed using an unpaired t-test. Discrimination 
at retrieval was inferred by measuring freezing in response to the CS+ vs CS− and was scored manually as 
described previously26. he mean percentage of freezing during each of the ive CS+ and ive CS− tones was 
calculated and used in the statistical analysis. Sex diferences in freezing between CS+ and CS− presentation 
were analyzed using a two-way ANOVA, with sex and CS as between- and within-subject factors, respectively. 
he mean percentage of freezing during the CS+ and CS− tones with baseline freezing subtracted was also calcu-
lated and sex diferences in this measure were analyzed in a separate analysis using a two-way ANOVA as above. 
Post-hoc comparisons were conducted using the Bonferonni’s test. he diference score was calculated by sub-
tracting the mean percentage of freezing during CS− presentation from the mean percentage of freezing during 
CS+ presentation. Sex diferences in the diference score were analyzed using an unpaired t-test. Freezing data is 
presented as the mean + SEM (or mean +/− SEM for the data presented in Fig. 3a,b) and the level of signiicance 
for the statistical comparisons was set at P < 0.05.
Ǥ LFP data from one representative channel in PL and IL was selected 
for analysis from each rat, based on minimizing electrical noise artefacts, and high-pass iltered at 4 Hz. LFP activ-
ity was examined visually and recordings with obvious electrical noise artefacts were omitted from the analysis. 
Spectral estimates for LFP data in each area before and during cue presentations in males and females were gen-
erated. Sex diferences in basal theta (4–12 Hz) and gamma (30–45 Hz) power in PL and IL were irst determined. 
Frequency analysis with multi-taper spectral estimates54 was conducted as previously described using custom 
Matlab scripts55. Multi-taper spectral estimates were constructed by splitting the 2 min basal period into 144 
segments and averaging over K multi-taper windows, where K was used to tune the spectral bandwidth to theta 
(K = 5) or low gamma (K = 11) frequencies. Sex diferences in basal theta and gamma power in PL and IL were 
determined using a log ratio test56. his ratio of variance test follows an F-distribution and a signiicance level 
is set to quantify diferences in LFP power at speciic frequencies. he log ratio test was applied as two-tailed to 
allow for both signiicant increases and decreases in theta or gamma power to be quantiied.
Diferences in theta and gamma power in PL and IL during CS+ vs CS− presentation in males and females 
were determined using time-frequency analysis with Morse wavelets57 and frequency analysis with multi-taper 
spectral estimates (see above). Fine detail in the LFP signals in PL and IL throughout each frequency band and 
cue duration was represented using wavelet periodograms constructed by averaging across trials (CS+ or CS−) 
and animals (males or females). Morse wavelet parameters were chosen to facilitate visual inspection of wave-
let spectra in the two frequency bands of interest. his allowed for a qualitative analysis of changes in power 
throughout the cue duration. Multi-taper spectral analysis was used to quantify diferences in theta and gamma 
power in each area between the CS+ and CS− in males or females ater normalizing to basal theta and gamma 
power. Multi-taper estimates were constructed by splitting each 30 s cue into 36 segments and averaging over 
K multi-taper windows as above. Diferences in theta and gamma power in PL and IL between CS+ and CS− 
presentation were determined separately for males and females using the log ratio test as above. LFP power data 
is presented as the mean + SEM and the level of signiicance for the statistical comparisons was set at P < 0.05.
Received: 25 November 2019; Accepted: 28 March 2020;
Published: xx xx xxxx

 1. Ramikie, T. S. & Ressler, K. J. Mechanisms of sex diferences in fear and posttraumatic stress disorder. Biol. Psychiatry 83, 876–885 
(2017).
 2. Li, S. H. & Graham, B. M. Why are women so vulnerable to anxiety, trauma-related and stress-related disorders? he potential role 
of sex hormones. Lancet Psychiatry 4, 73–82 (2017).
 3. Day, H.L. & Stevenson, C.W. he neurobiological basis of sex diferences in learned fear and its inhibition. Eur. J. Neurosci. https://
doi.org/10.1111/EJN.14602 (2019).
 4. Giustino, T. F. & Maren, S. he role of the medial prefrontal cortex in the conditioning and extinction of fear. Front. Behav. Neurosci. 
9, 298, https://doi.org/10.3389/fnbeh.2015.00298 (2015).
9SCIENTIFIC REPORTS |         (2020) 10:6300  | ǣȀȀǤȀ ? ?Ǥ ? ? ? ?Ȁ ? ? ? ? ?Ǧ ? ? ?Ǧ ? ? ? ? ?Ǧ
www.nature.com/scientificreportswww.nature.com/scientificreports/
 5. Garinkel, S. N. et al. Impaired contextual modulation of memories in PTSD: an fMRI and psychophysiological study of extinction 
retention and fear renewal. J. Neurosci. 34, 13435–13443 (2014).
 6. Marin, M. F. et al. Association of resting metabolism in the fear neural network with extinction recall activations and clinical 
measures in trauma-exposed individuals. Am. J. Psychiatry 173, 930–938 (2016).
 7. Baran, S. E., Armstrong, C. E., Niren, D. C. & Conrad, C. D. Prefrontal cortex lesions and sex diferences in fear extinction and 
perseveration. Learn. Mem. 17, 267–278 (2010).
 8. Baker-Andresen, D., Flavell, C. R., Li, X. & Bredy, T. W. Activation of BDNF signaling prevents the return of fear in female mice. 
Learn. Mem 20, 237–240 (2013).
 9. Gruene, T. M., Roberts, E., homas, V., Ronzio, A. & Shansky, R. M. Sex-speciic neuroanatomical correlates of fear expression in 
prefrontal-amygdala circuits. Biol. Psychiatry 78, 186–193 (2015).
 10. Benchenane, K., Tiesinga, P. H. & Battaglia, F. P. Oscillations in the prefrontal cortex: a gateway to memory and attention. Curr. Opin. 
Neurobiol. 21, 475–485 (2011).
 11. Harris, A. Z. & Gordon, J. A. Long-range neural synchrony in behavior. Annu. Rev. Neurosci. 38, 171–194 (2015).
 12. Lesting, J. et al. Patterns of coupled theta activity in amygdala–hippocampal–prefrontal cortical circuits during fear extinction. PLoS 
One 6, e21714, https://doi.org/10.1371/journal.pone.0021714 (2011).
 13. Fitzgerald, P. J. et al. Prefrontal single-unit iring associated with deicient extinction in mice. Neurobiol. Learn. Mem. 113, 69–81 
(2014).
 14. Fenton, G. E. et al. Persistent prelimbic cortex activity contributes to enhanced learned fear expression in females. Learn. Mem. 21, 
55–60 (2014).
 15. Fenton, G. E., Halliday, D. M., Mason, R., Bredy, T. W. & Stevenson, C. W. Sex diferences in learned fear expression and extinction 
involve altered gamma oscillations in medial prefrontal cortex. Neurobiol. Learn. Mem. 135, 66–72 (2016).
 16. Dunsmoor, J. E. & Paz, R. Fear generalization and anxiety: behavioral and neural mechanisms. Biol. Psychiatry 78, 336–343 (2015).
 17. Christianson, J. P. et al. Inhibition of fear by learned safety signals: a mini-symposium review. J. Neurosci. 32, 14118–14124 (2012).
 18. Reppucci, C. J., Kuthyar, M. & Petrovich, G. D. Contextual fear cues inhibit eating in food-deprived male and female rats. Appetite 
69, 186–195 (2013).
 19. Lynch, J. 3rd, Cullen, P. K., Jasnow, A. M. & Riccio, D. C. Sex diferences in the generalization of fear as a function of retention 
intervals. Learn. Mem. 20, 628–632 (2013).
 20. Lonsdorf, T. B. et al. Sex diferences in conditioned stimulus discrimination during context-dependent fear learning and its retrieval 
in humans: the role of biological sex, contraceptives and menstrual cycle phases. J. Psychiatry. Neurosci. 40, 368–375 (2015).
 21. Gamwell, K. et al. Fear conditioned responses and PTSD symptoms in children: sex diferences in fear-related symptoms. Dev. 
Psychobiol. 57, 799–808 (2015).
 22. Keiser, A. A. et al. Sex diferences in context fear generalization and recruitment of hippocampus and amygdala during retrieval. 
Neuropsychopharmacology 42, 397–407 (2017).
 23. Foilb, A. R., Bals, J., Sarlitto, M. C. & Christianson, J. P. Sex diferences in fear discrimination do not manifest as diferences in 
conditioned inhibition. Learn. Mem 25, 49–53 (2017).
 24. Asok, A. et al. Sex differences in remote contextual fear generalization in mice. Front. Behav. Neurosci. 13, 56, https://doi.
org/10.3389/fnbeh.2019.00056 (2019).
 25. Greiner, E. M., Müller, I., Norris, M. R., Ng, K. H. & Sangha, S. Sex diferences in fear regulation and reward-seeking behaviors in a 
fear-safety-reward discrimination task. Behav. Brain Res. 368, 111903, https://doi.org/10.1016/j.bbr.2019.111903 (2019).
 26. Day, H. L., Reed, M. M. & Stevenson, C. W. Sex diferences in discriminating between cues predicting threat and safety. Neurobiol. 
Learn. Mem. 133, 196–203 (2016).
 27. Antoniadis, E. A. & McDonald, R. J. Fornix, medial prefrontal cortex, nucleus accumbens, and mediodorsal thalamic nucleus: roles 
in a fear-based context discrimination task. Neurobiol. Learn. Mem. 85, 71–85 (2006).
 28. Lee, Y. K. & Choi, J. S. Inactivation of the medial prefrontal cortex interferes with the expression but not the acquisition of diferential 
fear conditioning in rats. Exp. Neurobiol 21, 23–29 (2012).
 29. Sangha, S., Robinson, P. D., Greba, Q., Davies, D. A. & Howland, J. G. Alterations in reward, fear and safety cue discrimination ater 
inactivation of the rat prelimbic and infralimbic cortices. Neuropsychopharmacology 39, 2405–2413 (2014).
 30. Piantadosi, P. T. & Floresco, S. B. Prefrontal cortical GABA transmission modulates discrimination and latent inhibition of 
conditioned fear: relevance for schizophrenia. Neuropsychopharmacology 39, 2473–2484 (2014).
 31. Rozeske, R. R. et al. Prefrontal-periaqueductal gray-projecting neurons mediate context fear discrimination. Neuron 97, 898–910.e6 
(2018).
 32. Corches, A. et al. Diferential fear conditioning generates prefrontal neural ensembles of safety signals. Behav. Brain Res. 360, 
169–184 (2019).
 33. Yan, R., Wang, T. & Zhou, Q. Elevated dopamine signaling from ventral tegmental area to prefrontal cortical parvalbumin neurons 
drives conditioned inhibition. Proc. Natl. Acad. Sci. U. S. A 116, 13077–13086 (2019).
 34. Likhtik, E., Stujenske, J. M., Topiwala, M. A., Harris, A. Z. & Gordon, J. A. Prefrontal entrainment of amygdala activity signals safety 
in learned fear and innate anxiety. Nat. Neurosci. 17, 106–113 (2014).
 35. Concina, G., Cambiaghi, M., Renna, A. & Sacchetti, B. Coherent activity between the prelimbic and auditory cortex in the slow-
gamma Band underlies fear discrimination. J. Neurosci. 38, 8313–8328 (2018).
 36. Pollack, G. A. et al. Cued fear memory generalization increases over time. Learn. Mem 25, 298–308 (2018).
 37. Antunes, R. & Moita, M. A. Discriminative auditory fear learning requires both tuned and nontuned auditory pathways to the 
amygdala. J. Neurosci. 30, 9782–9787 (2010).
 38. Foilb, A. R. & Christianson, J. P. Serotonin 2C receptor antagonist improves fear discrimination and subsequent safety signal recall. 
Prog. Neuropsychopharmacol. Biol. Psychiatry 65, 78–84 (2016).
 39. Gruene, T. M., Flick, K., Stefano, A., Shea, S. D. & Shansky, R. M. Sexually divergent expression of active and passive conditioned fear 
responses in rats. eLife 4, e11352, https://doi.org/10.7554/eLife.11352 (2015).
 40. Colom-Lapetina, J., Li, A. J., Pelegrina-Perez, T. C. & Shansky, R. M. Behavioral diversity across classic rodent models is sex-
dependent. Front. Behav. Neurosci. 13, 45, https://doi.org/10.3389/fnbeh.2019.00045 (2019).
 41. Blume, S. R. et al. Sex- and estrus-dependent diferences in rat basolateral amygdala. J. Neurosci. 37, 10567–10586 (2017).
 42. Gilman, T. L., DaMert, J. P., Meduri, J. D. & Jasnow, A. M. Grin1 deletion in CRF neurons sex-dependently enhances fear, sociability, 
and social stress responsivity. Psychoneuroendocrinology 58, 33–45 (2015).
 43. Keeley, R. J., Bye, C., Trow, J. & McDonald, R. J. Strain and sex diferences in brain and behaviour of adult rats: learning and memory, 
anxiety and volumetric estimates. Behav. Brain Res. 288, 118–131 (2015).
 44. Clark, J. W., Drummond, S. P., Hoyer, D. & Jacobson, L. H. Sex diferences in mouse models of fear inhibition: Fear extinction, safety 
learning, and fear-safety discrimination. Br. J. Pharmacol. 176, 4149–4158 (2019).
 45. Germer, J., Kahl, E. & Fendt, M. Memory generalization ater one-trial contextual fear conditioning: Efects of sex and neuropeptide 
S receptor deiciency. Behav. Brain Res. 361, 159–166 (2019).
 46. Rhodes, S. E. & Killcross, A. S. Lesions of rat infralimbic cortex result in disrupted retardation but normal summation test 
performance following training on a Pavlovian conditioned inhibition procedure. Eur. J. Neurosci 26, 2654–2660 (2007).
 47. O’Neill, P. K., Gordon, J. A. & Sigurdsson, T. heta oscillations in the medial prefrontal cortex are modulated by spatial working 
memory and synchronize with the hippocampus through its ventral subregion. J. Neurosci. 33, 14211–14224 (2013).
1 0SCIENTIFIC REPORTS |         (2020) 10:6300  | ǣȀȀǤȀ ? ?Ǥ ? ? ? ?Ȁ ? ? ? ? ?Ǧ ? ? ?Ǧ ? ? ? ? ?Ǧ
www.nature.com/scientificreportswww.nature.com/scientificreports/
 48. Halladay, L. R. & Blair, H. T. Distinct ensembles of medial prefrontal cortex neurons are activated by threatening stimuli that elicit 
excitation vs. inhibition of movement. J. Neurophysiol. 114, 793–807 (2015).
 49. Baratta, M. V. et al. Behavioural and neural sequelae of stressor exposure are not modulated by controllability in females. Eur. J. 
Neurosci. 47, 959–967 (2018).
 50. Baratta, M. V. et al. Controllable stress elicits circuit-speciic patterns of prefrontal plasticity in males, but not females. Brain Struct. 
Funct. 224, 1831–1843 (2019).
 51. Giustino, T. F., Fitzgerald, P. J. & Maren, S. Fear expression suppresses medial prefrontal cortical iring in rats. PLoS One 11, 
e0165256, https://doi.org/10.1371/journal.pone.0165256 (2016).
 52. Toufexis, D. J., Myers, K. M., Bowser, M. E. & Davis, M. Estrogen disrupts the inhibition of fear in female rats, possibly through the 
antagonistic efects of estrogen receptor alpha (ERalpha) and ERbeta. J. Neurosci. 27, 9729–9735 (2007).
 53. Stevenson, C. W., Spicer, C. H., Mason, R. & Marsden, C. A. Early life programming of fear conditioning and extinction in 
adulthood. Behav. Brain Res. 205, 505–510 (2009).
 54. Percival, D.B., Walden, A.T. Spectral analysis for physical applications (Cambridge University Press, 1993).
 55. Fenton, G. E., Spicer, C. H., Halliday, D. M., Mason, R. & Stevenson, C. W. Basolateral amygdala activity during the retrieval of 
associative learning under anesthesia. Neuroscience 233, 146–156 (2013).
 56. Diggle, P.J. Spectral analysis in Time series. A biostatistical introduction (ed. Diggle, P.J.) 94–133 (Oxford University Press, 1990).
 57. Lilly, J. M. & Olhede, S. C. Generalized Morse wavelets as a superfamily of analytic wavelets. IEEE Trans. Signal. Process. 60, 
6036–6041 (2012).
 58. Paxinos, G. & Watson, C. he rat brain in stereotaxic coordinates. 6th Edition (Academic Press, 2007).

H.L.L.D. was supported by a Biotechnology and Biological Sciences Research Council (BBSRC) Doctoral 
Training Partnership [grant number BB/J014508/1] and the University of Nottingham. SS was supported by 
Nakhon Pathom Rajabhat University, hailand, and a Royal hai government scholarship from the Ministry of 
Science and Technology. he funders had no other role in any aspect of the study.

H.L.L.D. and C.W.S. conceived and designed the experiments. H.L.L.D. conducted the experiments. H.L.L.D. and 
C.W.S. analyzed the behavioural data. H.L.L.D., S.S. and D.M.H. analyzed the electrophysiology data. D.M.H. and 
C.W.S. wrote the manuscript. All authors agreed to the inal version of the manuscript.

he authors declare no competing interests.

Correspondence and requests for materials should be addressed to C.W.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional ailiations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. he images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© he Author(s) 2020
